Sindbis virus core protein (SCP) has been isolated from virus and 1 Department of Biological crystallized. The X-ray crystallographic structure showed that the Sciences, Purdue University West Lafayette, Indiana amino-terminal 113 residues appeared to be either disordered or truncated during crystallization and that the carboxy-terminal residues 114 to 264 47907, USA had a chymotrypsin-like structure. The same dimer that was found in two different crystal forms of the virus-extracted SCP was present also in some of the crystals of the truncated recombinant protein. The monomer-monomer interface is maintained by two pairs of hydrogen bonds and by hydrophobic interactions. Removal of the hydrogen bonds by single substitutions did not prevent dimer formation. However, a mutation that reduced the hydrophobic contacts did inhibit dimer formation.
Introduction
Sindbis (SINV), Semliki Forest (SFV) and Ross River (RRV) viruses are members of Togaviridae, genus Alphavirus, a group of arthropod-borne, enveloped viruses that can cause encephalitis, fever, arthritis and rash in mammals (Strauss & Strauss, 1994) . The virus particle has a molecular mass of 40 × 10 6 daltons (Freeman & Leonard, 1981 ) and an external diameter of 690 Å . The genomic RNA (4.2 × 10 6 daltons) is surrounded by an icosahedral nucleocapsid of T = 4 symmetry with a diameter of 410 Å (Coombs & Brown, 1987; Paredes et al., 1992; Cheng et al., 1995; Fuller et al., 1995) . The nucleocapsid is surrounded by a lipid membrane penetrated by 80 glycoprotein ''spikes'', also arranged in a T = 4 surface lattice (Fuller, 1987) . Each spike contains the recognition site for the host cell receptor and consists of three copies of the transmembrane glycoproteins E1 and E2.
Sindbis virus core protein (SCP) is located at the amino terminus of the virally encoded structural polyprotein from which it cleaves itself in a cis catalytic process (Hahn et al., 1985; Melancon & Garoff, 1987) . In the crystal structure of SCP (Choi et al., 1991) , determined to 3.0 Å resolution, the highly basic amino-terminal domain (residues 1 to 113) was thought to be disordered, while the carboxy-terminal 151 amino acid residues are folded into a structure similar to that of chymotrypsin. S215, H141 and D163 were found to be the catalytic triad, in agreement with the results reported by Hahn & Strauss (1990) . The carboxyterminal tryptophan residue at the P1 position remains bound in the active site after cleavage and, therefore, prevents further proteolytic activity (Choi et al., 1991; Tong et al., 1993) . Other virally encoded proteinases, frequently containing an essential cysteine residue (Dessens & Lomonossoff, 1991; Hammerle et al., 1991; Kean et al., 1991) in place of serine, have also been shown to have chymotrypsin-like folds (Allaire et al., 1994; Matthews et al., 1994) . The chymotrypsin fold consists of two consecutive sub-domains, each with an antiparallel b-barrel, Greek-key topology. The viral proteinases, including SCP, are differentiated from mammalian chymotrypsin-like serine proteinases in having shorter insertions between the b-strands.
Besides its catalytic activity, SCP plays a role in the assembly of the nucleocapsid by recognizing and packaging the genomic RNA (Weiss et al., 1989) and in viral budding by interacting with the spike proteins (Hahn et al., 1988; Vaux et al., 1988; Metsikkö & Garoff, 1990; Zhao et al., 1994) . SCP isolated from virus formed a dimer in at least two different crystal forms (Table 1 ; and see Choi et al., 1991) , as does the SFV core protein (SFCP: unpublished results). Nevertheless, this dimer does not occur in the assembled virions, as was demonstrated by cryo-electron microscopy and Boege et al. (1989) ; reference 2 is Boege et al. (1989) , Choi et al. (1991) , Tong et al. (1993 image reconstruction of RRV (Cheng et al., 1995) . We report here an Escherichia coli expression system that was developed to examine the structure of SCP mutants. Although expression of the whole protein was not possible with E. coli, expression of residues 81 to 264, 106 to 264 and 106 to 266 was successful. These proteins have been purified and crystallized, but the protein expressed from residues 81 to 264 diffracted poorly. Surprisingly, some crystals of the E. coli-expressed truncated proteins were isomorphous with the previously described type 2 crystals (Table 1) of the virus-extracted protein (Boege et al., 1989) . In all crystal forms, residues 107 to 264 were found to be ordered, with 107 to 113 having a different conformation in each crystal form. The structures of a number of site-directed mutants have been determined and provide insight for studies of the catalytic activity and viral assembly of alphaviruses.
Results
Structure determination and refinement of truncated SCP(106-266), type 4 crystal form SCP(106-266) was expressed in E. coli in order to determine the position of P1' and P2' within the substrate binding site. The active-site S215 was changed to alanine to prevent cleavage after W264 (Hahn & Strauss, 1990) . Residues S265 and A266 correspond to the sequence encoding PE2, the precursor of glycoprotein E2. In vitro translation assays of wild-type † SCP(106-266) showed 100% cleavage between W264 and S265, indicating that the two additional carboxy-terminal amino acid residues made a competent proteinasesubstrate complex (C. Little & R.J.K., unpublished results).
The previously known SCP structure (residues 114 to 264) was used as a molecular replacement model to solve the structure of SCP(106-266) in the type 4, triclinic, crystal form. The orientation and position of the two independent molecules in the triclinic cell were determined with the program AMoRe (Navaza, 1994) . The top three, well separated, peaks in the cross-rotation function had relative heights of 20, 19 and 10 using data between 8.0 and 3.0 Å resolution and a radius of integration of 25 Å . The top two peaks, related to each other by 14.2°, were then used to determine the relative position of the two molecules. One molecule (molecule 1) could be arbitrarily placed at the origin of the triclinic cell. The center of gravity of the other molecule (molecule 2) was then found to be at x = 0.499, y = 0.498 and z = 0.501. Rigid body refinement was used to improve the molecular orientations and positions. Iterative real space averaging and solvent flattening were then used to improve structure phases with the program ENVELOPE (Rossmann et al., 1992) . The correlation coefficient for 2.0 Å resolution data improved from 0.80 to 0.94.
A model, representing amino acid residues 114 to 264, was built with respect to the averaged electron density. This structure was refined with the program X-PLOR 3.1 (Brü nger, 1992) using conjugate gradient minimization and one round of simulated slow cooling annealing. No attempt was made to use the non-crystallographic symmetry as a restraint during the refinement. The amino acid sequence alignment of the original model with the electron density was corrected between residues 250 and 260, the amino terminus was extended from residue R114 to residue A107 and the carboxy terminus was extended to residue A266. Presumably, residue 106 encoding the initiation methionine was removed in E. coli. The amino-terminal residues 108 to 111 (the amino-terminal arm) of each molecule were found to bind into a hydrophobic pocket on the surface of neighboring molecules (Figure 1 ). After further cycles of refinement and model adjustment, the final refinement included 133 water molecules and an isotropic temperature factor for each atom. The test set used for computing R free was based on 782 reflections, representing 5% of the observed data between 5 and 2 Å resolution. These reflections were entirely omitted during the refinement for the calculation of R free . The final R working factor was 18.4% and R free was 27.9%. The r.m.s. deviation of observed bond lengths from idealized values (Engh & Huber, 1991) was 0.011 Å (Table 2) .
Re-refinement of the virus-extracted SCP, type 2 and 3 crystal forms
Higher resolution and better quality data of virally extracted SCP type 2 and 3 crystals were obtained during this study (Table 3) . These structures were re-refined with the improved data by using the program X-PLOR 3.1 (Brü nger, 1992 ). The starting model used in both cases was the type 4 crystal structure. Omit map analysis showed that the modified conformation found in the type 4 crystals was present in type 2 and type 3 crystals. Similarly, the amino-terminal arm was found to be ordered in both crystal forms and bound into the same hydrophobic pocket of neighboring molecules, similar to the situation in type 4 crystals. However, the conformation of the arm was quite different from that in type 4 crystals as a consequence of the different molecular packing arrangements (Figure 2 ). The original structure had been solved with lower-resolution data by averaging among three copies of SCP distributed between the type 2 and type 3 crystal forms. This process deleted the amino-terminal residues 106 to 113 due † Wild-type is used to refer to the native sequence found in the virus, whether the protein is the virus-extracted protein or the E. coli-expressed truncated protein. to the differing conformations associated with each monomer.
Since there is a dimer in the asymmetric unit of type 3 crystals, and since the number of reflections was severely limited by the resolution cutoff, initial refinement included a strong non-crystallographic symmetry restraint between the two molecules for residues 114 to 264. Later, the restraint was released and the two molecules were refined independently. The final refinement included 16 water molecules for type 2 crystals, 13 for type 3 crystals and used restrained independent isotropic temperature factors, giving an R working factor of 19.0% for both crystal forms. The R free for type 2 crystals was 28.4%.
No R free was calculated for type 3 crystals due to the limited data set.
Structures of the truncated SCP(106-264), type 2 crystal form
The various type 2, truncated, mutant diffraction data sets were scaled to the type 2, virus-extracted SCP data in 10 to 12 resolution shells. The differences between structure amplitudes of wildtype truncated and virus-extracted protein (Table 4) are comparable with the R sym values based on differences among symmetry-related intensities Resolution of included data 6.0-2.4 6.0-3.1 6.0-2.9 6.0-3.1 6.0-3.0 Possibly cleaved during crystallization somewhere before residue 106 removing the amino-terminal domain from the crystals.
where Ihi is an individual observation and Ih is the mean intensity for reflection h. Figure 2 . Superposition of five different crystallographically independent copies of the SCP C a backbone. One copy is from type 2 crystals (green), two copies are from type 3 crystals (magenta and black) and two copies are from type 4 crystals (blue and red). On the left is seen the divergence of the amino-terminal residues 113 to 106. On the right (broken lines) is seen the convergence of these residues from neighboring molecules into a hydrophobic pocket. Amino acid sequence numbers are given in black, except for numbers in red that refer to neighboring molecules.
from their mean values (Table 3 ). This indicated that there might not be any major difference in the ordered part of the structure of SCP whether or not the unit cell contained the amino-terminal domain of the protein. A difference electron density map (15.0 to 3.2 Å resolution) between the truncated wild-type and virus-extracted SCP, using phases for the virus-extracted structure, did not show any electron density peaks that were significantly larger than those in the rest of the map. Maps were calculated for the mutated regions in which atoms of the mutated residue, the preceding residue and the succeeding residue were omitted from the structure factor calculations. The structure of the truncated SCP was then refined (Table 2 ) using the same procedure as had been used for the improved virus-extracted SCP data. Superposition of topologically equivalent residues of the truncated wild-type SCP onto the ordered structure of the virus-extracted wild-type SCP gave an r.m.s. deviation of 0.16 Å for the main-chain atoms. The biggest difference of the main-chain atoms (0.35 Å ) was found for T246, which is probably not significant considering the 3.2 Å limit of useful data. The r.m.s. differences, in pairwise comparisons of the mainchain atoms among all the type 2 crystal structures, were between 0.14 and 0.38 Å . The biggest differences of the main-chain atoms occurred randomly along the polypeptide chain. Except for the double mutant structure, residues 107 to 109, 183 to 184 and 247 to 251 in the double mutant had C a displacements between 1 and 2 Å with respect to the virus-extracted wild-type structure.
The lack of any structural difference between virus-extracted and truncated protein in type 2 crystals raises the question of whether the virus-extracted protein had not been hydrolyzed in the lengthy crystallization process. The crystals of virus-extracted SCP would be very densely packed if the full-length protein were present. When the complete molecular mass of the protein is used, the V M (Matthews, 1968) value is about 1.6 Å 3 /dalton for both type 2 and type 3 crystals. A more reasonable value of 2.6 Å 3 /dalton is obtained when only the ordered part of the structure (residues 106 to 264) is used as the molecular mass. The molecular mass determination of the protein from dissolved crystals, using SDS-PAGE, did not give a definitive answer, because of the low intensity of the protein band. However, it was previously shown that the amino terminus of the virusextracted protein obtained from the crystallization mixture had its amino-terminal residue blocked. This would be inconsistent with proteolytic cleavage, which would generate a free amino terminus (Boege et al., 1989) .
Discussion Catalysis
The E. coli-expressed enzyme was terminated at residue 264 and, hence, never underwent proteo- lytic cleavage. The position of the carboxy terminus is closely similar to that found in the virus-extracted cleaved enzyme. Thus, the conformation of the SCP structure does not appear to be dependent on the amino acid residues downstream of the cleavage site. Rhinovirus 3C (HRV 3C) (Matthews et al., 1994 ) and hepatitis A virus 3C (HAV 3C) (Allaire et al., 1994) , two other virally encoded chymotrypsin-like proteinase structures, have been solved. They differ from SCP in having an essential cysteine residue in place of the essential serine. However, they are similar to SCP in having shorter loops between the strands in the b-barrel compared to chymotrypsin. Superposition of SCP onto topologically equivalent residues of the two 3C proteinases was used to determine the sequence alignment among them (Figure 3) . Conserved residues among these three proteins include the essential histidine residue at position 141, as well as L130, P139, R202, G213, G216, I229 and G233. Any residue other than glycine at position 233 within the specificity pocket would undoubtedly hinder the binding of substrates with a P1 residue larger than alanine. This residue is completely conserved among a wide variety of chymotrypsin-like proteinases.
Superposition of selected active center SCP atoms (corresponding to the imidazole group of H141, O d1 of D163, main-chain N atoms of the oxyanion hole residues 213 and 215, and C a or O g of the nucleophile S215) onto chymotrypsin, a-lytic protease, HRV 3C and HAV 3C showed two structural types depending on whether residue 139 was proline or alanine (Figure 4 ). The proline (in SCP, HRV 3C and HAV 3C) caused steric hindrance with the main-chain atoms of residues 215 and 216. Residues 215 and 216 are displaced by a maximum of 1.9 Å relative to their position in chymotrypsin and a-lytic protease, which have alanine in place of proline at position 139. This is in contradiction to the observation by Matthews et al. (1994) , who suggested that the difference in structure was related to the replacement of the serine nucleophile of chymotrypsin or a-lytic protease with the cysteine nucleophile of HRV 3C. The reduction of activity when S215 of SCP is replaced by cysteine (Hahn & Strauss, 1990 ) may, therefore, be controlled by factors unrelated to the geometric disposition of the active center.
The S215A † SCP(106-264) inactive mutant structure is similar to that of wild-type SCP(106-264), except for the serine to alanine substitution. An equivalent substitution of the essential serine in subtilisin also showed no conformational change (Carter & Wells, 1988) . However, HAV 3C, which has alanine in place of its cysteine nucleophile, has an altered conformation for its oxyanion hole generated by a flip of the peptide bond between residues 212 and 213.
In the S215A SCP(106-266) mutant, the normal capsid structure is extended by two residues beyond W264. The structures of molecules 1 and 2 in type 4 crystals of SCP(106-266) and of SCP(106-264) in type 2 crystals differ in detail around the active center. The average temperature factor for residues 265 to 266 is 65 Å 2 and 32 Å 2 for molecules 1 and 2, respectively, showing a greater flexibility for molecule 1. The C terminus of molecule 2 has positional changes compared with virus-extracted wild-type SCP for residues between 259 and 264 ( Figure 5a) . However, the C-terminal region of molecule 1 is similar to that of virus-extracted wild-type SCP, except for W264 (Figure 5b ). Residue E263 alters the position of its carboxy group and approaches the essential H141 from perpendicularly different directions in molecules 1 and 2 (Figure 5c ). The hydrogen bond between the carboxylic oxygen atom of W264 and N e of H141 is longer in molecule 1 than for wild-type SCP and does not exist in molecule 2 of SCP(106-266) (Figure 5c ). The two additional amino acid residues at the C terminus (S265 and A266), projecting to the protein's surface, extend in different directions in the two independent molecules (Figure 5c ). Since residues 264 to 266 correspond to the bound substrate, their structure was compared with that of the inhibitor turkey ovomucoid third domain complexed to chymotrypsin (Fujinaga et al., 1987) . Residues W264 and S265 of molecule 2 have a conformation similar to that of P1 and P1' of the ovomucoid third domain (Figures 5d and 6 ). The carboxy end of virusextracted wild-type SCP corresponds to the structure after cleavage, whereas molecule 2 has a carboxy end similar to the structure of an uncleaved inhibitor in the active center of a serine proteinase. The oxyanion hole of molecule 1 is occupied by a water molecule and the carbonyl oxygen atom of W264 is far from the oxyanion hole. In molecule 2, the carbonyl oxygen atom of W264 forms a hydrogen bond with the amino groups of the main-chain atoms of G213 and S215 in the oxyanion hole.
The structure of molecule 1 in type 4 crystals, with the water bound in the oxyanion hole (Figure 7a) , is similar to the structure of chymotrypsin without any bound substrate and represents an early, more flexible, less tightly bound (higher temperature factors than in molecule 2), enzymesubstrate complex. The structure represented by molecule 2 in type 4 crystals has the water molecule displaced by the carbonyl oxygen atom (Figure 7b ) that precedes the scissile bond and, therefore, is poised for forming the acyl adduct. However, acylation is prevented by the lack of the nucleophilic oxygen atom. Finally, the structure of the type 2 crystals (Figure 7c ) represents the bound product after cleavage. These three structures suggest the progression of catalysis from the initial formation of a Michaelis complex to product.
The presence of two successive intermediates in type 4 crystals suggests that these are in equilibrium with each other in the crystallization conditions. This systematic selection during crystallization may be due to the different structures of the final residues 263 to 266. Alternatively, the different lattice interactions may induce conformational changes consistent with the anticipated catalytic intermediates. The presence of the free terminal carboxy group in molecule 1 and its hydrogen bonding to R212 in molecule 2 will alter the charge interaction between molecules within the lattice. In addition, R212 in molecule 2 (but not in molecule 1) forms a hydrogen bond to E186 in the neighboring molecule 2.
Assembly
Although there is no dimer of SCP in the assembled viral cores (Cheng et al., 1995) , the same dimer formation occurs in type 2 and 3 SCP crystal structures and in two SFCP crystal structures (unpublished results). The buried surface area for each monomer of the crystallographically observed dimer is only 380 Å 2 (Choi et al., 1991; Tong et al., 1993) , which is considerably smaller than subunit contacts in most other oligomeric protein structures. In other viral capsids, the surface area between adjacent monomeric subunits of about the same molecular mass as SCP usually exceeds 1500 Å 2 (Arnold & Rossmann, 1990) . The crystallographic dimer is formed by interactions between residues 185 to 190, 194 to 195 and residue 222 (Figure 8) . A part of this surface is included in the subunit-subunit contacts within the nucleocapsid core. The contact region is moderately hydrophobic, but also includes two sets of 2-fold-related hydrogen bonds, one between the N222 side-chain and the main-chain amino group of F188, and the other between the side-chain of N190 and the main-chain amino group of F188. Within the dimer, F188 is shielded from external water.
Each pair of hydrogen bonds was eliminated by separately mutating N190K (Figure 8a ) and N222L (Figure 8b) . The structures showed no disruption of dimer formation. Furthermore, the mutations N222L and N190K both permitted successful virus propagation, although the N190K mutant produced small plaques. The mutant F188G could not be crystallized with the same conditions as were successful for truncated wild-type protein. Furthermore, it crystallized in space group P2 1 (type 3' in Table 1 ) with only one monomer per asymmetric unit and, thus, shows that this mutant does not form the usual crystallographic dimer. Therefore, the most important interactions in the monomer to monomer interface are the hydrophobic contacts between F188 and the opposite monomer. Reducing the hydrophobic contact by a F188G substitution did not inhibit virus replication as measured by standard plaque assays, indicating that the dimer formation seen in the crystals is not an essential requirement for assembly, consistent with the absence of a dimer in the cryo-electron microscopy structure of cores in the virus (Cheng et al., 1995) .
Spike-core interactions
The lipid membrane of Sindbis virus is penetrated by the carboxy-terminal 2 and 31 amino acid residues of the glycoproteins E1 and E2. Removal of the cytoplasmic residues of E1 has no effect on budding (Barth et al., 1992) . Thus, all of the interactions of the glycoprotein spikes with the nucleocapsid core will be with the small cytoplasmic domain of the E2 glycoprotein. Lee & Brown (1994) examined residues on the surface of SCP to determine the site of interaction of the nucleocapsid with the viral glycoprotein. They found that the temperature-sensitive double mutant (Y180S; E183G) produced a mixture of T = 4 and T = 7 virions at low temperatures. Above and below normal incubation temperatures, a large number of particles were non-infectious due to a defect in an early step of infection, probably disassembly. Furthermore, the double mutant (Y180S; E183G) was found to have different cross-linking properties from the wild-type virus between glycoprotein E2 and the nucleocapsid (Lee & Brown, 1994) , suggesting an alteration in that (2Fo − Fc) omit map in which the ''substrate'' residues W264, S265 and A266 and active-site residues A215* and H141 (all labeled magenta) have been omitted from molecule 2 for structure factor calculations in one cycle of conventional refinement. Wild-type residue S215 was mutated to alanine in this structure and is indicated as A215*.
interaction. Single mutations of the capsid protein Y180 have confirmed that this residue is involved in E2 binding (Skoging et al., 1996) .
The structure of the double mutant showed that the side-chain of W247 had a large positional change and was situated in the cavity left by the removal of the Y180 side-chain (Figure 9 ). This also results in a displacement of the main-chain atoms for residues T246 to I254. In addition, the side-chain of T246 occupies a different rotamer position (not shown in Figure 9 ). Although the pocket of the double mutant has been distorted relative to the wild-type structure, this did not inhibit binding of the amino-terminal arm. In the structure of SFCP (Lee et al., 1996; unpublished results) , the pocket was empty and Y180 was pointing out of the pocket, which caused W247 to position itself as in the SCP double mutant structure.
The mutation of E183G eliminates the salt-bridge with R225 present in the wild-type structure. Both of these residues are involved in the monomer-tomonomer interface in the nucleocapsid (Cheng et al., 1995) . Hence, the mutation at residue 183 is likely to affect assembly by redirecting core formation from T = 4 to T = 7 particles.
The amino-terminal arm
The amino-terminal residues 108 to 111 of SCP bind to the same region of a neighboring molecule in three different crystal forms (Table 5 and Figure 2) . The amino-terminal binding site is a hydrophobic pocket between the two sub-domains adjacent to the catalytic active center. The residues that line this pocket are conserved (Lee et al., 1996) . L108 and L110 are the major residues in the amino-terminal arm that bind into the hydrophobic pocket of the neighboring molecule. It has been suggested that the binding of the SCP amino-terminal arm is analogous (Figure 10a ) to the binding of E2 to the nucleocapsid (Lee et al., 1996) and is consistent with the cryo-electron microscopy structure of alphaviruses (Cheng et al., 1995) . This analogy places Y400 of E2 into the hydrophobic pocket occupied by L108 in the SCP structures (Figure 10b ). Only very minor adjustments are necessary to place a tyrosine residue into the pocket in place of the observed leucine residue. The involvement of Y400 in E2 binding was demonstrated by mutagenesis, which showed that only hydrophobic residues could replace the tyrosine residue for successful virus propagation (Zhao et al., 1994) . Likewise, substitution of L402 of E2 with hydrophobic residues permitted propagation with only a modest alteration of plaque phenotype, whereas hydrophilic substitutions produced crippled or no virus (K. Einterz-Owen & R.J.K., unpublished results). Comparison of the SFCP and SCP structures suggests that when Y400 of E2 binds into the hydrophobic pocket, there is a major conformational change involving Y180 and W247. This is, therefore, likely to alter the stability of the nucleocapsid core in the process of assembly and maturation. In this respect, the hydrophobic pocket has parallels with the pocket observed in picornaviruses (Rossmann, 1994) where there is a cellular ''pocket factor'' that probably regulates viral stability during viral cell entry. In the case of SINV, the stability will be controlled by the insertion of E2 Y400 into the hydrophobic pocket.
Methods

Expression and purification of truncated SCP
All E. coli expression experiments were carried out in the vector pET11a (Novagen, Inc.). Two DNA oligonucleotides were synthesized to amplify cDNA for protein expression. The 5' oligonucleotide contained an NdeI restriction site followed by an ATG start codon, which corresponded to the SCP sequence starting at amino acid residue 106. The 3' oligonucleotide had a BamHI restriction site along with sequence complementary to the carboxy terminus of the SCP and had a TAG termination codon following W264. These oligonucleotides were used in the polymerase chain reaction to amplify the wild-type or mutant sequences containing SCP residues 106 through 264. Following amplification of the cDNA, the fragment was digested with NdeI and BamHI restriction enzymes and then ligated into a similarly digested pET11a vector. Positive clones were selected and transformed into E. coli strain BL21(de3) for expression (Studier et al., 1990) of the SCP(106-264). The same strategy was used to clone into the pET11a vector, although an initiation codon replaced the codon for K81 in .
For large-scale expression, one liter of cells was grown at 37°C until an A600 of 0.5 was reached, at which point isopropyl b-D-thiogalactopyranoside was added to a final concentration of 1 mM. Induction was carried out for two hours, after which the cells were collected, resuspended in buffer A (50 mM Tris (pH 7.6), 1 mM EDTA, 50 mM NaCl) and lysed by sonication. Unbroken cells and debris were removed by low-speed centrifugation and washed in buffer A. The SCP(106-264 or 106-266) or SCP(81-264) was concentrated from the supernatant by a 45 to 75% or 65 to 100% ammonium sulfate precipitation, respectively, and loaded onto a Sephadex G-50 gel filtration column.
Fractions enriched for the SCP, as determined by SDS-PAGE, were pooled and loaded onto a phosphocellulose column. A linear NaCl gradient (0.0 to 1.0 M) was applied and the SCP eluted at about 0.2 M NaCl. The SCP(106-266) mutant was further purified with a Mono S FPLC column using a similar NaCl gradient. The protein purity (greater than 95%) was assessed by SDS-PAGE and isoelectric focusing gel electrophoresis followed by silver staining. Yields of the purified truncated SCP varied from 5 to 15 mg per liter of induced culture.
Mutagenesis of the SCP
Mutations N190K, N222L and F188G were constructed by site-directed oligonucleotide mutagenesis in an M13mp18 vector containing nucleotides 7334 to 9120 of the SINV genome (Kunkel, 1985; Kuhn et al., 1990) . Following identification of the mutant clones by sequencing, a fragment containing the mutation was removed from the M13mp18 clone by digestion with the appropriate restriction enzymes and used to replace the corresponding fragment from the full-length wild-type SINV cDNA clone. Mutation (Y180S; E183G) was . Superposition of the mutant (Y180S; E183G) (blue) onto the wild-type structure observed in type 2 crystals (red). Absence of the tyrosine side-chain in the mutant allows W247 to move into the resultant hydrophobic hole. Residues 108 to 111 from the neighboring molecule are drawn with thicker bonds and are labeled in black.
constructed as described (Lee & Brown, 1994) . S215A was kindly provided by James Strauss (Hahn & Strauss, 1990) .
Isolation and characterization of mutant viruses
Full-length cDNA clones containing mutations were prepared for transcription by linearization with the restriction enzyme XhoI. Transcription was carried out using SP6 RNA polymerase as described (Kuhn et al., 1990) . Confluent monolayers of BHK-21 cells were transfected with RNA using 0.2 mg/ml DEAE-dextran. The cells were overlaid with 1% (w/v) agarose in Eagles minimal essential medium containing 5% (v/v) fetal bovine serum. Two to three days following transfection, plaques were stained with neutral red. Plaques were then picked and the growth properties of the resulting viruses were analyzed.
Crystallization
Crystals of SCP(81-264) and SCP(106-264) were grown in hanging drops at room temperature. Searches were conducted for each different mutant by varying the conditions of the reservoir and the hanging drop. The reservoir solution contained 6 to 8% (w/v) polyethylene glycol (PEG) 8000 and 50 to 300 mM Tris buffer at pH 7.6 to 8.5. The initial drops consisted of 5 ml of reservoir solution plus 5 ml of protein solution. The orthorhombic type 1 crystals (Table 1; Boege et al., 1989) were grown in one or two weeks in drops with low buffer concentrations by using a protein concentration of 4.5 to 7.5 mg/ml. Drops containing SCP(106-264) with high buffer concentrations at high pH produced poorly diffracting crystals after about five to six months. Addition of K2HgI4 to these crystals occasionally produced better diffracting tetragonal type 2 crystals (Boege et al., 1989; Choi et al., 1991) after a further one to two months (Table 1) . Type 3' crystals of the F188G mutant were grown in hanging drops using a reservoir solution containing 50 to 100 mM bis-Tris (pH 7.0) and 5 to 10% (w/v) PEG 6000.
Hanging drop vapor diffusion was also used to crystallize SCP(106-266) at room temperature. Each drop was made up of 5 ml of protein solution (7.5 to 10.0 mg/ml) and 5 ml of reservoir solution, which contained 13 to 17% (w/v) of PEG 8000 in 100 mM Mes buffer at pH 6.4. Small rod-shaped crystals, 0.1 to 0.2 mm in length, were used as seeds for each new crystallization setup. Crystals grew to about Mutation of Y400 to Trp, Phe, Leu or Met produces a budding-competent virus, whereas substitution to Lys, Ser, Asp, Arg or Thr prevents budding (Zhao et al., 1994) . The shaded area shows residues important in binding to the hydrophobic pocket. (b) The hydrophobic pocket, the putative E2 binding site, modeled with bound E2. 0.6 mm × 0.1 mm × 0.07 mm size within ten days from seeding.
No further improved crystallization results were obtained for SCP(81-264).
Data collection and processing
X-ray diffraction data (Table 3) were collected on a Siemens area detector mounted on an Elliott GX20 rotating anode generator operated at 35 kV and 40 mA using a Cu target and bent focusing mirrors. The flood field and spatial calibration procedures were performed as described in the Siemens area detector operating manual. The tetragonal type 2 crystals were mounted with their 4-fold axes roughly parallel with the oscillation axis of the camera. Other crystals were mounted in a random orientation. The crystal-to-detector distance was 12 cm and the detector was rotated by a 2u angle of 8°. Oscillation angles of 0.1°with exposure times of five minutes were used for the type 2 crystals. Crystals whose reflections spread over more than seven frames, or whose diffraction was not visible beyond 3.6 Å resolution, were rejected. Crystals were cooled to 12°C, which permitted about two to three days of data collection, by which time the resolution limit had started to deteriorate and the quality of the data statistics was also poor. The data were processed and scaled with the XDS program of Kabsch (1988) .
A diffraction data set of SCP(106-266) was collected on the R-axis IIc detector using a CuKa rotating anode X-ray source (Rigaku RU-H2R) operated at 50 kV and 100 mA with bent focusing mirrors. A crystal-to-detector distance of 12 cm and a 2u angle of 0.0°were used. Each diffraction image was collected for ten minutes using a 1.2°oscillation angle. The DENZO and SCALEPACK programs were used to process the data (Otwinowski, 1993) .
